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ABSTRACT 

Post-replication DNA repair in eukaryotes is 
regulated by ubiquitination of proliferating cell 
nuclear antigen (PCNA). Monoubiquitination 
catalyzed by RAD6-RAD18 (an E2-E3 complex) 
stimulates translesion DNA synthesis, whereas 
polyubiquitination, promoted by additional factors 
such as MMS2-UBC13 (a UEV-E2 complex) and 
HLTF (an E3 ligase), leads to template switching in 
humans. Here, using an in vitro ubiquitination 
reaction system reconstituted with purified human 
proteins, we demonstrated that PCNA is poly- 
ubiquitinated predominantly via en bloc transfer of 
a pre-formed ubiquitin (Ub) chain rather than by ex- 
tension of the Ub chain on monoubiquitinated 
PCNA. Our results support a model in which HLTF 
forms a thiol-linked Ub chain on UBC13 
(UBC13~Ub n ) and then transfers the chain to 
RAD6~Ub, forming RAD6~Ub n +i- The resultant Ub 
chain is subsequently transferred to PCNA by 
RAD18. Thus, template switching may be 
promoted under certain circumstances in which 
both RAD18 and HLTF are coordinately recruited 
to sites of stalled replication. 

INTRODUCTION 

DNA is continuously injured by environmental insult as 
well as endogenous metabolic products. Such DNA 



damage, unless removed by multiple mechanisms for 
excision repair, inhibits replicative DNA polymerase 
action during DNA replication (1). Post-replication 
repair, to restart DNA replication stalled at DNA 
damaged sites, features two sub-pathways, translesion 
DNA synthesis (TLS) and template switching (TS), 
which are regulated by mono- and polyubiquitination of 
proliferating cell nuclear antigen (PCNA) at Lysl64, re- 
spectively (2). RAD6 (an E2 ubiquitin-conjugating 
enzyme) and RAD 18 (an E3 ubiquitin ligase) together 
catalyze the monoubiquitination of PCNA (2-4). The re- 
sultant monoubiquitinated PCNA (monoUb-PCNA) then 
activates the TLS pathway, in which stalled replication 
proceeds beyond the damage site with the help of 
specialized TLS polymerases. MonoUb-PCNA is 
believed to stimulate the entry of TLS polymerases at 
stalled Spends, and this activity is dependent on inter- 
actions between the ubiquitin (Ub) moiety of 
monoUb-PCNA and the Ub-binding domains of the 
TLS polymerases (5-9). However, TLS is a mutagenic 
process due to the utilization of damaged templates by 
low-fidelity TLS polymerases (1). 

Polyubiquitination of PCNA requires a different E2-E3 
pair, MMS2-UBC13, a stable complex of an ubiquitin E2 
variant (UEV) and an E2, and RAD5 in yeast (hereafter 
referred to as yRAD5) (2) or in humans, the two RAD5 
homologs, HLTF and SHPRH, which serve as the E3 
ligase (10-14). MMS2-UBC13 complexes mediate the for- 
mation of ubiquitin chains with Lys63 linkages (15). 
Polyubiquitinated PCNA (polyUb-PCNA) promotes the 
TS pathway, in which the primer end stalled at the 
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damaged site is released from the damaged template and 
anneals with the newly synthesized daughter strand of the 
sister chromosome. The molecular mechanism(s) of TS are 
currently unknown, but it is believed that a complex set of 
biochemical reactions is involved. When the sophisticated 
TS reactions are successfully performed, this process is 
essentially error-free, as it utilizes a non-damaged 
template (1). 

It has been argued, mainly on the basis of genetic data 
from yeast studies, that polyubiquitination of PCNA is 
downstream of monoubiquitination. Both mono- and 
polyubiquitination are dependent on yRAD6 and 
yRAD18; deletion or mutation of either one of these 
two proteins blocks both the TS and TLS pathways. By 
contrast, inactivation or deletion of yMMS2, yUBC13 or 
yRAD5 abolishes polyubiquitination of PCNA, but not 
monoubiquitination of PCNA, and thus blocks only the 
TS pathway (1,2). These data are consistent with results 
previously obtained from in vitro biochemical studies 
using purified yeast enzymes (16,17). The yRAD6- 
yRAD18 complex can monoubiquitinate PCNA at 
Lysl64, whereas yMMS2-yUBC13 and yRAD5 are able 
to polyubiquitinate PCNA only in the presence of 
yRAD6-yRAD18 (16). There is general agreement that 
the ligase activity of yRAD5 mediates sequential transfer 
of Ub from yUBC13-Ub to monoUb-PCNA (16,17). An 
unresolved issue, however, is why the error-free TS 
pathway would require the formation of monoUb- 
PCNA as an intermediate, which could potentially 
promote the error-prone TLS pathway and interfere 
with the preservation of genetic information. 

In the current study, we investigated the mechanism of 
PCNA polyubiquitination using an in vitro ubiquitination 
reaction system reconstituted with purified recombinant 
human proteins, including HLTF. The results point to 
the existence of a novel reaction mechanism for the 
polyubiquitination of PCNA via en bloc Ub chain 
transfer. Importantly, the reaction mechanism appears 
to be more efficient than the conventional mechanism of 
sequential addition of Ub monomers to the distal end of 
an Ub chain on PCNA. We discuss the implications of 
these in vitro findings in terms of the choice of pathway, 
TS or TLS, proceeding from stalled replication sites fol- 
lowing DNA damage. 

MATERIALS AND METHODS 

Plasmids 

Expression plasmids for PCNA, RFC, El, RAD6A, the 
RAD6A-RAD18 complex and Ub have been described 
previously (7,18-21). Expression plasmids for MMS2 
and UBC13 were constructed using the pET20 parental 
vector. For the production of MMS2-UBC13 complexes, 
MMS2 and UBC13 were co-expressed as a single operon 
under the control of the T7 promoter. HLTF was cloned 
into pBAD22A (obtained from National BioResource 
Project, National Institute of Genetics, Mishima, Japan), 
and expression was induced by arabinose. For the 
histidine-tagged proteins, the tag sequence of pET15 was 
ligated to the 5'-end of the start codons of the respective 



genes. For His usp2 (258-605) ; & tnmcated 

sequence corres- 
ponding to amino acids 258-605 was subcloned into 
pET15. Synthetic genes encoding the His PCNA-Ub GG 
fusion proteins were constructed in pET28a. 

Proteins 

Isopeptidase T was purchased from Boston Biochem 
(E-322). Other recombinant human proteins were ex- 
pressed in Escherichia coli strain BL21 (DE3) at 15°C 
and then purified by chromatography at 4°C using the 
indicated columns (GE Healthcare), unless otherwise 
indicated. PCNA, RFC, El, RAD6A, RAD6A-RAD 1 8 
complexes and Ub were purified as described previously 
(7,18,19,21). MMS2-UBC13 complexes were purified by 
sequential chromatography on HiPrep DEAE FF, 
HiTrap SP XL, HiTrap SP HP, HiTrap Heparin HP and 
Superdex 200 columns. MMS2-UBC13 C8)a complexes 
were purified on HiTrap Heparin HP, HiTrap SP XL 
and HiTrap SP HP columns, and MMS2- flAg UBC13 
complexes were purified on HiTrap Q FF, HiTrap SP HP 
and HiTrap Heparin HP columns. UBC13 was purified on 
HiPrep DEAE FF, HiTrap SP FF, HiTrap SP HP, HiTrap 
Heparin HP and Superdex 200 columns. HLTF was 
purified on HiTrap Heparin HP, HiTrap SP HP, HiTrap 
Q HP, HiTrap SP XL, Econopack CHT-II (BIO- RAD) 
and Superdex 200 columns. RAD6 A- His RAD 1 8 , 
Hls HLTF and the corresponding mutants of each were 
partially purified using HiTrap Chelating HP and 
Superdex 200 columns. ftis PCNA, His PCNA— Ub K63R ^ AGG 
and His pCNA Ki64R_ ub AGG were purified using HiTrap 

Chelating HP, HiTrap Q FF and Superdex 200 columns. 
His USP2^ 58 - 605) was purified using HiTrap Chelating HP 
and Superdex 200 columns. MonoUb-PCNA was purified 
from E. coli overexpressing PCNA, El and RAD6A- 
RAD18, and His Ub. His yRAD5 was overexpressed in 
strain BL21 Star (DE3) (Life Technologies), which 
harbors pMStRNAl (22), and partially purified using a 
HiTrap Chelating HP column. 

Ubiquitination assays 

The standard reaction mixture (25 (il) contained 20 mM 
HEPES-NaOH (pH 7.5), 50 mM NaCl, 0.2mg/ml BSA, 
ImM DTT, lOmM MgCl 2 , 1 mM ATP, poly(dA)- 
oligo(dT) (GE Healthcare) (100 ng) as the source of 
multiple primed single-stranded (mpss) DNA, PCNA 
(l.Opmol trimer), RFC (0.70 pmol), El (0.85 pmol), 
RAD6A-RAD 1 8 complexes (0.54 pmol trimer), MMS2- 
UBC13 complexes (16.4 pmol dimer), HLTF (1.3 pmol) 
and Ub (174 pmol). For the competition assays containing 
1740 pmol Ub, 6 pmol El was introduced to overcome the 
inhibitory effect of large amounts of Ub (23,24). Reaction 
mixtures were prepared on ice and then incubated at 30°C 
for lOmin unless otherwise indicated. Reaction products 
were analyzed by immunoblot. Where indicated by 
'reducing' or unless otherwise indicated, the samples 
were treated with sodium dodecyl sulphate (SDS) sample 
buffer containing 280 mM (3-mercaptoethanol. Samples 
that were not treated with reducing agent were referred 
to as 'non-reducing'. Anti-PCNA (Santa Cruz, sc-7907), 
anti-UBC13 (IMGENEX, IMG-5634), anti-RAD6 
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(Abeam, ab31917), anti-Ub (Sigma, U5379) and 
anti-FLAG M2 monoclonal antibodies (Sigma, F 3165) 
were used as indicated. Immunoreactive proteins were 
visualized using an ECL chemiluminescence kit (GE 
Healthcare). 

Ub transfer assays of UBC13~Ub 

The reaction mixture (25 ul) contained 20 mM HEPES- 
NaOH (pH 7.5), 50mM NaCl, 0.2mg/ml BSA, 1 mM 
DTT, 5mM MgCl 2 , 1 mM ATP, poly(dA)-oligo(dT) 
(GE Healthcare) (lOOng) as the source of mpssDNA, El 
(1.7 pmol), MMS2-UBC13 complexes (83.7 pmol dimer) 
and Ub (174 pmol). After incubation at 30°C for lOmin, 
the reactions were quenched by the addition of 
N-ethylmaleimide (NEM) (5mM) and EDTA (25 mM) 
for lmin (25,26). HLTF (1.3 pmol) was introduced and 
the mixture was allowed to incubate for an additional 
2 min. Reaction products were analyzed by immunoblot. 

Purification of His Ub-charged RAD6A-RAD18 

The reaction mixture (5 ml) contained 20 mM HEPES- 
NaOH (pH 7.5), 5mM MgCl 2 , 1 mM ATP, El 
(1.2nmol), RAD6 A- His RAD 1 8 complexes (partially 
purified fraction, ~3nmol trimer) and Hls Ub (46nmol). 
After incubation at 20° C for 10 min, the mixture was im- 
mediately applied to a HiTrap Heparin HP column (1 ml) 
at 4°C. RAD6 A- His RAD 1 8 complexes were eluted with a 
linear gradient of NaCl. Aliquots of peak fractions were 
frozen in liquid nitrogen and stored at — 80° C. 



RESULTS 

Polyubiquitination of PCNA by en bloc Ub chain transfer 

To explore the molecular mechanism of PCNA 
ubiquitination in humans, we developed an in vitro 
ubiquitination reaction system reconstituted with recom- 
binant human proteins (Supplementary Figure SI A) 
(7,19). As shown in Figure 1A, polyubiquitination of 
PCNA was readily apparent when MMS2-UBC13 and 
HLTF-containing reactions were supplemented with 
RAD6A-RAD18, El, mpssDNA and replication factor 
C (RFC), a PCNA loader, all of which are required for 
PCNA monoubiquitination (7,13). No PCNA 
ubiquitination was detected when RAD6A-RAD18 or 
El was omitted, or when PCNA was replaced with a 
mutant derivative carrying a K164R single amino acid 
substitution; small amounts of ubiquitinated PCNA 
were observed when mpssDNA or RFC was omitted. 
When Ub was replaced with an Ub K63R mutant, only 
monoUb-PCNA was observed, which suggested that the 
Ub chain linkage was via a Lys63 linkage (Figure IB) (13). 

Analysis of the time course of the reaction indicated 
that the accumulation of polyubiquitinated products was 
consistent over time, as opposed to smaller products 
forming first and then gradually converting into larger 
products (Figure 1C). This property was consistently 
observed under other assay conditions with different 
enzyme concentrations (Supplementary Figure S2). 
These results suggested that PCNA polyubiquitination 



may take place via en bloc transfer of a Ub chain (27) 
that is first formed on E2 via a thioester bond at a catalytic 
cysteine (E2~Ub n ) (Figure ID), and then transferred to 
PCNA. To test this hypothesis, the presence of un- 
anchored Ub chains was assessed by immunoblot follow- 
ing treatment with a reducing agent, to hydrolyze the 
thioester bond of E2~Ub n (25). Following SDS-poly- 
acrylamide gel electrophoresis (PAGE), immunoblot 
analysis with an anti-Ub antibody showed the formation 
of unanchored Ub chains with Lys63 linkages (Figure IE 
and F). Efficient formation of Ub mul timers was com- 
pletely dependent on MMS2-UBC13 and El, but not on 
RAD6-RAD18, RFC or PCNA. Interestingly, Ub 
mul timer formation required the presence of HLTF and 
mpssDNA, while a small amount of Ub 2 was formed in 
their absence, as previously observed when Ub was 
incubated with MMS2-UBC13 and El (15,28). To 
obtain direct evidence of UBC13~Ub n formation, reac- 
tions were analyzed by SDS-PAGE under non-reducing 
conditions in order to prevent hydrolysis of the 
thioester bond, followed by immunoblot analysis 
with an anti-UBC13 antibody (25). The results 
clearly demonstrated the formation of UBC13~Ub n 
(Figure 1G), which disappeared upon treatment with a 
reducing agent (Figure 1H). There was only slight accu- 
mulation of UBC13 conjugated to long chain Ub (>Ub 5 ) 
(Figure 1G), which was in contrast to polyubiquitinated 
PCNA and unanchored Ub chains, where larger products 
were relatively abundant (Figure 1A and E; see also 
'Discussion' section). The protein components required 
for efficient UBC13~Ub n (n>2) formation (Figure 1G) 
were the same as those required for unanchored Ub 
mul timer formation (Figure IE). Notably, when either 
HLTF or mpssDNA was omitted, formation of Ub 
chains and UBC13~Ub n was severely reduced. Small 
amounts of Ub 2 and UBC13~Ub 2 were detected, 
however, and this was dependent on MMS2-UBC13 
(Figure IE and G). These results suggested that 
mpssDNA is involved in the same biochemical step as 
HLTF, probably as a co-factor in Ub chain formation. 

To test this putative mechanism of en bloc Ub chain 
transfer of preformed chains of UBC13~Ub n to PCNA, 
we examined whether pre-incubation of MMS2-UBC13 
and HLTF with Ub before the addition of PCNA could 
accelerate the immediate formation of poly-Ub PCNA 
with long Ub chains. We set up the following experiments, 
as shown in Figure II. In Ex. 1, RAD6A-RAD1 8, 
MMS2-UBC13, El, Ub, mpssDNA and HLTF were 
pre-incubated for 5 min, and then combined with a 
PCNA-preassembly mixture containing PCNA, RFC 
and mpssDNA. In Ex. 2, RAD6 A-RAD 1 8 , MMS2- 
UBC13, El, Ub and mpssDNA were pre-incubated for 
5 min and then combined with a PCNA-preassembly 
mixture together with HLTF. After a brief period of add- 
itional incubation for 15 s, the reaction products were 
analyzed by immunoblot using an anti-PCNA antibody. 
In Ex. 1, but not Ex. 2, Ub chains would be assembled on 
E2 by HTLF prior to the addition of PCNA for en bloc 
Ub chain transfer; by contrast, a step-wise addition of Ub 
onto PCNA would yield similar kinetics in both experi- 
ments. A different size distribution of poly-Ub PCNA was 
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Figure 1. Polyubiquitination of PCNA by en bloc Ub chain transfer. (A) In vitro reconstituted PCNA polyubiquitination reactions. Reactions were 
reconstituted with PCNA, mpssDNA, RFC, El, RAD6A-RAD 18, MMS2-UBC13, HLTF and Ub. Reaction products were analyzed by 
immunoblot using an anti-PCNA antibody. -, omitted factor; KR, PCNA K164R . (B) Lys63-linked Ub chain formation on PCNA was analyzed 
by immunoblot using an anti-PCNA antibody. (C) Time course of polyubiquitination. Reaction products were analyzed by immunoblot using an 
anti-PCNA antibody. (D) Chemical structure of the thiol-linked Ub dimer on E2 (E2~Ub 2 ). (E and F) Unanchored Ub chain formation. The 
products of (A) and (B) were probed with an anti-Ub antibody in (E) and (F), respectively. In these blots, the signals corresponding to ubiquitinated 
PCNA are not detectable. The amount of PCNA trimer in the reaction was 1 pmol (3 pmol monomer), whereas the amount of ubiquitin was 
174pmol; thus, the estimated signal intensity of total ubiquitinated PCNA was <1% that of ubiquitin. (G and H) UBC13~Ub n formation. The 
products of (A) untreated by a reducing agent were probed with an anti-UBC13 antibody (G). Presumed dimers of UBC13 linked via S-S bond 
formation during sample preparation are indicated by arrowheads. The products of lane 1 in (G) treated with or without a reducing agent were 
analyzed by immunoblot using an anti-UBC13 antibody (H). (I) Transfer of pre-formed Ub chains to PCNA. The experimental designs are shown in 
the upper panel (see text for details). The reaction products were analyzed by electrophoresis under two different conditions and then probed with an 
anti-PCNA antibody. 



observed under the two reaction conditions (Figure II and 
Supplementary Figure S3). In Ex. 1, the accumulation of 
large products (> 150 kDa) was quite prominent. In 
contrast, in Ex. 2, intermediate sized poly-Ub PCNA (50 
to < 150 kDa) was abundant, but large products 
(>250kDa) were much less abundant compared to Ex. 
1. These results supported en bloc Ub chain transfer 
under these in vitro experimental conditions. To obtain 
further evidence, we analyzed detailed mechanisms 
underlying the hypothesized en bloc Ub chain transfer in 
additional experiments (see below). 

Essential function of HLTF in UBC13~Ub n formation 

To further investigate the role of HLTF in PCNA 
polyubiquitination, we analyzed UBC13~Ub n formation 



separately from PCNA polyubiquitination. The minimal 
set of factors necessary for UBC13~Ub n formation 
(Figure 2 A) as well as for unanchored Ub chain formation 
(Figure 2B) were HLTF, MMS2-UBC13, El, Ub and 
mpssDNA. Replacing wild-type Ub with its mutant de- 
rivative, Ub K63R , confirmed that the multiple bands 
observed were Lys63-linked Ub chains on UBC13 
(Figure 2C, lane 4). Furthermore, when Ub was replaced 
with FLAG Ub, the bands migrated more slowly (Figure 2C, 
lane 3), which indicated that they contained Ub molecules. 

The RING domain of E3 serves an essential function in 
the ligase reaction by mediating the interaction with E2 
(29,30). To determine whether the ligase activity of HLTF 
was necessary for Ub chain formation, we constructed an 
HLTF RING mutant in which the conserved cysteine 
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Figure 2. Analysis of UBC13~Ub n formation. (A) Formation of thiol-linked Ub chains on UBC13 with the minimal set of factors. The reactions 
were reconstituted with mpssDNA, El, MMS2-UBC13, HLTF and Ub. The reaction products treated with or without a reducing agent were 
analyzed by immunoblot using an anti-UBC13 antibody. -, omitted factor. (B) Formation of Ub chains with the minimal set of factors. The reaction 
products in (A) were treated with a reducing agent and then analyzed by immunoblot using an anti-Ub antibody. (C) Evidence that the multiple 
thiol-linked bands on UBC13 are Lys63-linked Ub chains. The reaction products untreated by a reducing agent were analyzed by immunoblot using 
an anti-UBC13 antibody. The positions of UBC13~Ub n and UBC13~ FLAG Ub n are indicated by dots and stars, respectively. Presumed dimers of 
UBC13 linked via S-S bond formation during sample preparation are indicated by an arrowhead. (D) Multiple sequence alignment of the RING 
fingers of human HLTF and its orthologs. The conserved cysteine residue (marked with asterisk) was replaced with an alanine. (E and F) Analysis of 
HLTF mutants. The reaction products were treated with (F) or without (E) a reducing agent and then analyzed by immunoblot using an anti-UBC13 
antibody (E) and an anti-Ub antibody (F). -, omitted factor; CA for His HLTF, His HLTF C760A ; CA for UBC13, UBC13 C87A . Presumed dimers of 
UBC13 linked via S-S bond formation during sample preparation are indicated by an arrowhead. (G) Catalytic activity of HLTF is essential for 



polyubiquitination of PCNA. PCNA polyubiquitination reactions were performed using 
conditions. The reaction products were analyzed by immunoblot using an anti-PCNA antibody. 



(CA) under standard reaction 



residue (C760) of the RING domain was replaced with an 
alanine (Figure 2D). Histidine- tagged wild- type and 
mutant HLTF ( His HLTF and H ^HLTF C760A , respectively) 
were partially purified (Supplementary Figure SIB) and 
eluted in the same fraction as untagged HLTF from a 
gel filtration column, which confirmed the integrity of 
them to be preserved. Hls HLTF was able to support Ub 
chain formation as efficiently as untagged HLTF, whereas 
the mutant protein was unable to do so (Figure 2E and F, 
lanes 3). Thus, Ub chain formation was dependent on the 
E3 ligase activity of HLTF. Additionally, a mutant form 
of UBC13 (UBC13 C87A ) (Supplementary Figure SIB), in 
which the conserved cysteine residue involved in thioester 
bond formation with Ub was replaced with alanine, did 
not support chain formation (Figure 2E and F, lanes 5). 
Finally, replacing MMS2-UBC13 complexes with UBC13 
monomers (Supplementary Figure SIB) demonstrated 
that MMS2 was also required for Ub chain formation 
(Figure 2E and F, lanes 4). 

Using the HLTF RING mutant, we confirmed that the 
catalytic activity of HLTF was required for PCNA 
polyubiquitination, as well as for UBC13~Ub n formation 



(Figure 2G). These results were consistent with the idea 
that HLTF mediates UBC13~Ub n formation and then the 
resultant Ub chain is transferred en bloc to PCNA. 

Analysis of UBC13~Ub n formation 

UBC13-linked polyubiquitin chains could be generated 
through an aminolysis-based transfer reaction between 
neighboring UBC13~Ub molecules, in which the 
8-amino group of Lys63 of one Ub molecule attacks the 
thioester-linked carbonyl of the neighboring Ub molecule 
on UBC13 (25,27) (Figure 3 A, schematic). To investigate 
this as a possible mechanism, UBC13 in complex with 
MMS2 was first charged with either wild-type Ub or 
Ub K63R in the presence of El and mpssDNA for lOmin. 
After quenching for 1 min, by the addition of NEM and 
EDTA, to inactivate uncharged UBC13 and El (25,26), 
the reaction mixture was supplemented with HLTF and 
then incubated for an additional 2 min. HLTF-dependent 
Ub chain formation, as evidenced by the appearance of 
UBC13~Ub n (n > 3), was observed with Ub, but not with 
ub K63R ( Figure 3B ) ? although a significant amount of 
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Figure 3. Ub transfer reactions between UBC13~Ub molecules. (A) A 
proposed mechanism of E2~Ub n formation. A red arrow depicts the 
direction of Ub movement. MMS2 was included in the reactions by 
omitted from the schematic. (B) Analysis of Ub transfer reactions 
between UBC13~Ub molecules. The experimental design is shown in 
the upper panel (see text for details). The reactions were reconstituted 
with the minimal set of factors (mpssDNA, El, MMS2-UBC13, HLTF 
and Ub). The reaction products were treated with or without a 
reducing agent and then analyzed by immunoblot using an 
anti-UBC13 antibody. -, omitted factor. Presumed dimers of UBC13 
linked via S-S bond formation during sample preparation are indicated 
by an arrowhead. 

UBC13~Ub2 was formed in the absence of HLTF under 
these reaction conditions (Figure 3B, lane 1). The reaction 
products were sensitive to treatment with a reducing 
agent, which indicated that they possessed thiol-linked 
Ub chains (Figure 3B, lanes 5-7). We also confirmed 
that UBC13~Ub n formed in these reactions was not a 
product of recharging due to incomplete quenching 
(Supplementary Figure S4; see also Supplementary Note 
for Supplementary Figure S4). Collectively, these results 
demonstrated that HLTF catalyzes UBC13-Ub n forma- 
tion by enhancing an aminolysis-based transfer reaction 
between two UBC13~Ub molecules. 

Preferential utilization of UBC13~Ub as a Ub acceptor 
by HLTF 

Next, we investigated whether the transfer reaction 
between two UBC13~Ub molecules, as depicted in 
Figure 3A, was the predominant mechanism, or if Ub 
moieties from UBC13~Ub were transferred to uncharged 
Ub as well as a UBC13~Ub. This was addressed by 
analyzing the time course of the reaction. Reaction 
mixtures were pre-incubated without HLTF for 10 min, 
and then reaction products were removed at different 
time points after the addition of HLTF and analyzed by 
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Figure 4. Preferential utilization of UBC13~Ub as Ub acceptor by 
HLTF. (A) Time-course of chain formation using the minimal set of 
factors. Reaction mixtures containing mpssDNA, El, MMS2-UBC13 
and Ub were pre-incubated for 10 min and then the reactions were 
started by adding HLTF and incubated for the indicated times. 
Reaction products were treated with or without a reducing agent and 
then analyzed by immunoblot using an anti-Ub antibody. 
(B) UBC13~Ub n competition assays. Reactions in the presence of a 
10-fold excess of Ub (10 x) were compared to those under standard 
reaction conditions (lx) with the minimal set of factors. The molecular 
ratios of UBC13 to Ub are shown in parentheses. Reaction mixtures 
were pre-incubated without HLTF for 1 min and then the reactions 
were started by adding HLTF and incubated for the indicated times. 
Reaction products untreated by a reducing agent were analyzed by 
immunoblot using an anti-UBC13 antibody. Presumed dimers of 
UBC13 linked via S-S bond formation during sample preparation are 
indicated by an arrowhead. 



immunoblot using an anti-Ub antibody (Figure 4A). 
Comparison of the products formed under non-reducing 
and reducing conditions demonstrated that UBC13~Ub n 
was present only under non-reducing conditions, while 
unanchored Ub chains were present under both conditions 
(Figure 4A; quantified in Supplementary Figure S5A). In 
all of these reactions, Ub was present in ~20-fold molecu- 
lar excess over UBC13~Ub (see legend for Supplementary 
Figure S5B). Thus, if Ub was transferred to uncharged Ub 
as well as UBC13~Ub, the formation of unanchored Ub 
chains would predominate. However, unanchored and 
UBC13-linked Ub chains were detected at equivalent 
levels at the early time points (Figure 4A and 
Supplementary Figure S5A), which suggested that 
HLTF preferentially transfers Ub to UBC13~Ub rather 
than uncharged Ub, and that UBC13~Ub is a preferred 
Ub acceptor for HLTF (Supplementary Figure S5B). 
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To confirm the preferential utilization of UBC13~Ub 
as an Ub acceptor, the experiment was repeated, this 
time with Ub at 100-fold molar excess over UBC13 
(Figure 4B). Under these conditions, excess Ub would 
strongly compete against UBC13~Ub n formation. 
Alternatively, if UBC13~Ub was the preferred substrate, 
UBC13~Ub n formation would be unaffected by excess 
Ub. The time course of the reaction clearly showed only 
a slight inhibitory effect of 100-fold excess Ub (<2-fold), 
providing additional evidence of the specificity of HLTF 
for UBC13~Ub as a Ub acceptor. Additionally, we 
demonstrated that the formation of unanchored Ub 
chains was strongly decreased at low concentrations of 
uncharged Ub (Supplementary Figure S6 and 
Supplementary Note for Supplementary Figure S6), 
which indicated that the unanchored Ub chains were 
by-products generated, at least in part, by Ub (chain) 
transfer from UBC13~Ub n (n > 1) to uncharged Ub (see 
Supplementary Note for Supplementary Figure S6). 

Analysis of the mechanism of polyubiquitination of PCNA 

One current theory of polyubiquitination of PCNA holds 
that the Ub chain forms on the Ub moiety of 
monoUb-PCNA, and that the role of RAD6A-RAD 1 8 
is simply to provide a source of monoUb-PCNA. Based 
on this model, RAD6A-RAD18 should be dispensable 
when pre-formed monoUb-PCNA is supplied as the sub- 
strate for the polyubiquitination reaction, as was previ- 
ously shown using yeast proteins (16). To examine the 
Ub transfer reaction in more detail, partially 
His Ub-modified PCNA (PCNA- His Ub) was purified and 
used as the substrate. In contrast to previous reports 
using yRAD5, monoUb-PCNA was a surprisingly poor 
substrate for PCNA polyubiquitination upon incubation 
with El, MMS2-UBC13 and HLTF, although trace 
amounts of polyUb-PCNA were detected (Figure 5A, 
lane 2 and Figure 5B, lanes 1-5). When RAD6A- 
RAD18 was added to the reaction mixture, however, 
polyUb-PCNA was efficiently generated (Figure 5A, 
lane 5 and Figure 5B, lanes 6-10). It appeared that 
polyUb-PCNA species were derived from unmodified 
PCNA rather than from PCNA- His Ub, because the 
amount of unmodified PCNA was significantly reduced 
upon prolonged incubation, while that of PCNA- Hls Ub 
remained unchanged (Figure 5B, lanes 6-10). The poor 
capacity of PCNA- His Ub to act as a substrate for 
polyubiquitination was not due to any intrinsic property 
of Hls Ub, because it was an excellent substrate for 
polyubiquitination of unmodified PCNA (Supplementary 
Figure S7). Furthermore, we also tested a PCNA-Ub GG 
fusion protein, in which Ub was fused to the C-terminus 
of PCNA via a six amino acid linker, and the two glycine 
residues in the C-terminus of the Ub moiety were deleted 
to avoid aberrant charging reactions (Figure 5C). Here, 
two different Hls PCNA-Ub AGG fusion proteins carrying 
either a K164R mutation in PCNA or a K63R mutation 
in Ub were examined. Polyubiquitination of Hls PCNA- 
Ub K63R/AGG was much more prominent than with 
His PCNA K164R -Ub GG (Figure 4C), which suggested that 



HLTF does not prefer the Ub moiety of the Hls PCNA- 
Ub GG fusion protein as an acceptor. 

The results described above suggested a novel mechan- 
ism of polyubiquitination of PCNA, in which mono- and 
polyubiquitination are coupled to a certain extent. One 
possibility is that Ub chains are formed directly on 
Lysl64 of PCNA by HLTF and that RAD6-RAD18 is 
required for a non-catalytic function. To test this hypoth- 
esis, we used a RING mutant of RAD 18, in which the 
conserved isoleucine (150) and arginine (R51) residues 
were replaced with alanine (Figure 5D); this mutant has 
been shown to have reduced ligase activity (21). 
Histidine-tagged wild-type RAD 18 and mutant RAD 18 
( His RAD 1 8 and Hls RAD18 I50A/R51A , respectively) were 
partially purified in complex with RAD6A 
(Supplementary Figure SID). The protein complexes 
eluted in the same fraction as untagged RAD6A- 
RAD18 in gel filtration chromatography, which confirmed 
the integrity of them to be preserved. RAD6 A- His RAD 1 8 
(wild-type) was able to support mono- and 
polyubiquitination of PCNA as well as untagged 
RAD6 A-RAD 1 8 (Figure 5E, lanes 1 and 5). By 
contrast, in the presence of the RAD 18 mutant, very 
little monoUb- or polyUb-PCNA was produced in 
the presence or absence of HLTF (Figure 5E, lanes 2 
and 6). We also examined a mutant form of RAD6A, 
RAD6A C88A , in which a conserved cysteine residue 
(C88) involved in the formation of thioester bonds with 
Ub was replaced with an alanine. Similar to the RAD 18 
RING mutant, RAD6A C88A did not support chain forma- 
tion (Figure 5E, lanes 3 and 7). These results indicated 
that PCNA polyubiquitination depends on the catalytic 
cysteine of RAD6A and an intact RING finger of 
RAD18. 

We next considered the possibility that Ub chains may 
first be formed via Lys63 of the thiol-linked Ub moiety on 
RAD6 by HLTF and then transferred, together with the 
proximal Ub pre-bound to RAD6, to Lysl64 of PCNA by 
RAD 18. In this case, thiol-linked Ub chains on RAD6A 
might be detected in a manner that is dependent on 
MMS2-UBC13 and HLTF. The products of the PCNA 
polyubiquitination reaction shown in Figure 1G were 
re-analyzed by immunoblot using an anti-RAD6 
antibody. The results clearly demonstrated the formation 
of multiple RAD6A bands that were dependent on 
MMS2-UBC13, HLTF, mpssDNA and El, but independ- 
ent of PCNA and RFC (Figure 5F). These bands were 
also sensitive to treatment with a reducing agent 
(Figure 5G). Notably, RAD6A~Ub n accumulated under 
conditions in which Ub chain transfer to PCNA was 
blocked, i.e. when RFC or PCNA was omitted 
(Figure 5F, lanes 3 and 9), when PCNA was replaced 
with PCNA K164R (lane 8), or when the RING mutant of 
RAD18 was used (Figure 5H). These results strongly sug- 
gested that RAD6-linked Ub chains are intermediates 
between UBC13~Ub n and polyUb-PCNA. 

Analysis of RAD6A~Ub n formation 

Because the presence of RAD6A~Ub n is a novel observa- 
tion that has not been reported previously, we investigated 
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Figure 5. Thiol-linked Ub chains formed on RAD6 are transferred onto PCNA. (A and B) MonoUb-PCNA is a poor substrate for 
polyubiquitination. PCNA partially monoubiquitinated with Hls Ub was subjected under standard reaction conditions. Reaction products were 
analyzed by immunoblot using an anti-PCNA antibody. -, omitted factor. (C) PCNA ubiquitination assays using Hls PCNA-Ub AGG fusion 
proteins. A schematic of the structure of the fusion protein is shown in the top panel. Reactions were performed with either Hls PCNA K164R - 
Ub AGG or His pCNA Ub K63R/AGG instead of pcNA under standard reaction conditions with mpssDNA, RFC, El, RAD6A-RAD 18, MMS2- 
UBC13, HLTF and Ub, followed by immunoblot using an anti-PCNA antibody. (D) Multiple sequence alignment of the RING fingers of 
human RAD 18 and its orthologs. The conserved isoleucine and arginine residues were both replaced with alanines. (E) The catalytic activity of 
RAD6A-RAD18 is required for PCNA polyubiquitination. The reactions were performed using the indicated mutant proteins instead of wild-type 
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lanes 5 and 6 in (E) untreated by a reducing agent were analyzed by immunoblot using an anti-RAD6 antibody (lanes 1 and 2, respectively). 



the putative molecular mechanism in more detail. As 
shown in Figure 6A, RAD6A~Ub n formation was suc- 
cessfully reconstituted without RFC and PCNA, but was 
abolished by omission of HLTF, MMS2-UBC13, El, Ub, 
mpssDNA or RAD6A-RAD18, which provided add- 
itional evidence that these factors are the minimal set of 
reaction components needed. We confirmed that the 
multiple bands were Lys63-linked Ub chains on 
RAD6A by replacing Ub with either FLAG Ub or Ub K63R 
(Figure 6B). Furthermore, RAD6A~Ub n formation was 
dependent on the catalytic cysteines of UBC13 and 
RAD6A (Figure 6C, lanes 6 and 7). RAD 18 was also an 
essential component for chain formation (Figure 6C, lane 
4), but the RAD 18 RING mutant (I50A/R51A) also sup- 
ported the reaction equally well (Figure 6C, lane 5). Since 
the RAD 18 RING mutant has severely reduced ligase 
activity in mediating PCNA ubiquitination (Figure 5E) 
(21), it seems likely that a non-catalytic function of 
RAD 18 other than its ligase activity is required for 
chain formation on RAD6A. The requirement for the 
RAD 18 subunit might involve a physical interaction 
between RAD 18 and HLTF, as reported previously 
(11,13). By contrast, the intact RING domain of HLTF 



was essential for RAD6-Ub n formation (Figure 6C, lane 
3), which indicated that HLTF catalyzes the transfer of 
Ub molecules from UBC13 to RAD6A. 

The formation of RAD6~Ub n may involve an 
aminolysis-based transfer reaction between RAD6~Ub 
and UBC13~Ub n _i (as illustrated in Figure 6D), similar 
to the mechanism of Ub transfer between UBC13~Ub 
molecules, as both of the reactions were dependent on 
the catalytic function of HLTF. In this case, the resulting 
Ub chain would be expected to be a hybrid between the 
Ub molecule originally attached to RAD6 and other Ub 
moieties transferred from UBC13~Ub n _i. To investigate 
the Ub transfer reaction from UBC13~Ub to RAD6~Ub, 
RAD6A in complex with RAD 18 was charged with either 
His Ub or His ub K63R , and then the modified RAD6A- 
RAD18 complexes were purified by column chromatog- 
raphy (Figure 6E). The purified complexes supported 
monoubiquitination of PCNA in the absence of El and 
Ub (Figure 6F), with concomitant reduction in the 
amount of RAD6A- His Ub and RAD6A- His Ub K63R 
(Figure 6G). These complexes were then used to test Ub 
chain formation on RAD6A upon the addition of HLTF 
and other factors, together with un-tagged Ub K63R , which 
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Figure 6. Analysis of RAD6A~Ub n formation. (A) Formation of thiol-linked Ub chains on RAD6A using the minimal set of factors. The reactions 
were reconstituted with mpssDNA, El, RAD6A-RAD18, MMS2-UBC13, HLTF and Ub. Reaction products were treated with or without a 
reducing agent and then analyzed by immunoblot using an anti-RAD6 antibody. -, omitted factor. (B) Evidence that the multiple thiol-linked 
bands on RAD6A are Lys63 linked Ub chains. Reaction products untreated by a reducing agent were analyzed by immunoblot using an anti-RAD6 
antibody. The positions of RAD6A~Ub n and RAD6A~ FLAG Ub n are indicated by dots and stars, respectively. (C) Effect of mutants on thiol-linked 
Ub chain formation on RAD6A. Reaction products untreated by a reducing agent were analyzed by immunoblot using an anti-RAD6 antibody, 
omitted factor; CA for His HLTF, His HLTF C760A ; IRAA, His RAD18 I50A/R51A ; CA for UBC13, UBC13 C87A ; CA for RAD6A and RAD6A C 
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RAD6- His RADl 8, RAD6~ His Ub- His RAD 1 8 , or RAD6~ His Ub K63R - His RAD18 for 2min and then analyzed by immunoblot using an anti-PCNA 
antibody. Lane 10, standard reaction products. 



could be distinguished in size from pre-charged ls Ub. If 
the expected reactions occurred, Ub K63R would be 
attached to RAD6~ His Ub, but not to 
RAD6A~ His Ub K63R As shown in Figure 6H, the forma- 
tion of an additional band was detected in reactions con- 
taining RAD6A- His Ub (lane 8), but not 
RAD6A- His Ub K63R (lane 9), or uncharged RAD6A 
(lane 7), and the formation was dependent on HLTF 



(compare lanes 5 and 8). Importantly, this new band 
migrated between RAD6A~Ub 2 and RAD6A~Ub 3 (see 
lane 10), which indicated that it was indeed a 
RAD6A- His Ub-Ub K63R hybrid. Finally, as shown in 
Figure 61, the hybrid chain was transferred onto PCNA 
to generate PCNA- His Ub-Ub K63R (lane 8), which 
migrated between PCNA-Ub 2 and PCNA-Ub 3 (see 
lane 10). 
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The direction of Ub chain elongation in the PCNA 
polyubiquitination reaction 

The results obtained thus far were consistent with a 
'seesaw' model of Ub chain elongation (27), which 
would predict that the direction of chain elongation is 
PCNA-distal to -proximal, as hypothesized by 
Hochstrasser (27) (see also 'Discussion' section). We 
designed a set of experiments to investigate the direction 
of chain elongation, as depicted schematically in 
Figure 7A. In Ex. 1, HLTF, RFC, histidine-tagged 
PCNA ( His PCNA) and mpssDNA were pre-incubated 
for 2min and then combined with pre-charged 
UBC13~Ub. The pre-charging reaction was performed 
for 2min with El, MMS2-UBC13 and Ub. After an 
initial chain elongation reaction for 1 min, the mixture 
was combined with pre-charged UBC13~ FLAG Ub and 
then incubated for an additional 1 min. The mixture was 
then combined with pre-charged RAD6A~Ub with 
RAD 18 (pre-charging was performed for 2 min with El, 
RAD6 A-RAD 1 8 and Ub). After an additional incubation 
for 1 min, the reaction was terminated by the addition of 
EDTA for 1 min, and then the catalytic core of Ub-specific 
protease 2 [His USp2 (258-605)-| ^ was introduced to par . 

tially digest the Ub chains. We confirmed that, unlike 
isopeptidase T, purified Hi ^uSP2 (258 - 605) did not react 
with terminal Ub moieties of K63-linked Ub chains; 
rather, the His USp2 (258-605) digestion sites on the ub 

chain appeared to be at random positions 
(Supplementary Figure S8). Digestion was performed for 
1 min and then terminated by the addition of an equal 
volume of 8M urea and 4% Triton X-100. PCNA was 
immediately purified on Ni-chelating beads and analyzed 
by immunoblot. The predicted structures of the major 
products produced by the three different mechanisms of 
chain elongation are illustrated in Figure 7A. Note that 
Ub chain elongation reactions were initiated without 
FLAG Ub, and the chains were further extended in 
presence of FLAG Ub. If chain elongation occurred via a 
sequential mechanism, Ub and FLAG Ub would be 
incorporated onto PCNA at random, because chain elong- 
ation would be initiated by the addition of RAD6A- 
RAD18 in the presence of both UBC13~Ub and 
UBC13~ FLAG Ub. In the case of en bloc transfer, there 
would be differential distribution of Ub and FLAG Ub 
within the chain: accumulation of FLAG Ub at the 
PCNA-distal end in the case of sequential addition, and 
accumulation of FLAG Ub at the PCNA-proximal end in 
the case of the seesaw mechanism of addition. In experi- 
mental scheme Ex. 2 (Figure 7B), the reactions were the 
same as Ex. 1, except for the order of the addition of 
UBC13-Ub and UBC13~ FLAG Ub. In Ex. 2, pre-charged 
UBC13~ FLAG Ub was incubated first with HLTF, and 
then pre-charged UBC13~Ub was added. In Ex. 2, se- 
quential chain elongation would result in the incorpor- 
ation of Ub and FLAG Ub onto PCNA in a similar 
fashion as in Ex. 1. In the case of en bloc transfer, the 
pattern of incorporation of Ub and FLAG Ub would be 
the opposite of that depicted in Ex. 1. Note that the dis- 
tribution of each intermediate varies depending on which 
molecule is the rate-limiting factor for chain elongation. 



This also means that if the rate-limiting factor in each step 
of the overall reaction was altered during incubation, the 
effects would be significant. To avoid this complication, 
the experiments were completed within 5 min from the first 
addition of UBC13~Ub to the termination of the 
reaction, since the velocity of chain elongation was 
constant for at least 5 min under standard assay 
conditions. 

The products of the reactions outlined in Figure 7A and 
B were analyzed by immunoblot. Partial digestion of the 
Ub chains by increasing amounts of His USp2 (258-605) 
reduced the average sizes of polyUb-PCNA and 
produced several distinct bands (Figure 7C). 
Importantly, the band patterns differed between Ex. 1 
and 2 (Figure 7C and D), which suggested that the 
chains were formed predominantly via a seesaw mechan- 
ism. This was supported be the following observations: 

(1) In both Ex. 1 and 2, the average sizes of 
polyUb-PCNA were similarly reduced by the 
addition of His USp2 (258-605) (Figure 1C y which 

indicated that the Ub chains on PCNA in Ex. 1 
and 2 were digested to a similar extent by 
His USP2 (258 - 605) . When the same samples were 
analyzed by immunoblot using an anti-FLAG 
antibody, the patterns differed. In Ex. 1, both the 
total amount and the average size of the 
FLAG Ub-containing chains (detectable by 
the anti-FLAG antibody) were decreased by the 
addition of His USp2 (258-£o5) (Figure 7D) which sug . 

gested that a significant fraction of FLAG Ub had been 
incorporated into the PCNA-proximal side. By 
contrast, in Ex. 2, the average size of the 
FLAG Ub-containing chains was only slightly 
decreased, even though signal intensity was clearly 
reduced (Figure7D). These results indicated that 
PCNA containing smaller chains as a result of diges- 
tion was no longer detectable with the anti-FLAG 
antibody, suggesting that FLAG Ub was predomin- 
antly incorporated into the PCNA-distal side. 

(2) There was substantial accumulation of FLAG Ub-free 
bands, indicated by dots, in Ex. 2 (Figure 7C). By 
contrast, in Ex.1, FLAG Ub-containing bands were 
abundant (Figure 7C and D, stars) even after 
partial digestion, which suggested that a significant 
fraction of FLAG Ub was present on the 
PCNA-proximal side. 

These results were consistent with the pattern predicted 
by a mechanism of en bloc transfer of chains formed by the 
seesaw mechanism of addition (Figure 8B). Collectively, 
the results of the current study suggest that the seesaw 
mechanism predominates in PCNA polyubiquitination 
reactions. 



DISCUSSION 

Using an in vitro ubiquitination reaction system, we were 
able to obtain detailed information about the mechanism 
of PCNA polyubiquitination. Although we cannot 
exclude the possibility that the reaction conditions were 
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Figure 7. Analysis of the direction of Ub chain elongation. (A and B) Experimental schemes (see text for details). MMS2 was included in the 
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not properly optimized for certain reactions, our results 
support a novel mechanism of PCNA polyubiquitination 
that is distinct from, and much more efficient than, the 
sequential addition reactions of PCNA mono- 
ubiquitination (Figure 8A) (1,16,17). The mechanism 
involves pre-formation of a thiol-linked Ub chain on 
UBC13 and then transfer to RAD6-Ub by HLTF. In 
this mechanism, HLTF functions as a novel E3 ligase 



that catalyzes Ub (chain) transfer from UBC13 to the 
Ub moieties of either UBC13~Ub or RAD6~Ub. This 
is in contrast to the target protein-specific E3 ligase 
activity of RAD 18, which catalyzes the transfer of Ub 
chains, as well as Ub monomers, from RAD6 to Lysl64 
of PCNA. HLTF was also able to catalyze the addition of 
Ub onto monoUb-PCNA, as described in the sequential 
addition model, but this activity appeared to be extremely 
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Figure 8. Molecular mechanism of PCNA ubiquitination and implica- 
tions for the regulation of post-replication repair. MMS2 was omitted 
to simplify the schematics. A model with MMS2 is shown in 
Supplementary Figure S9. (A) Sequential addition model. RAD 18 
transfers Ub from RAD6 to PCNA and then HLTF transfers Ub 
from UBC13 to the terminal Ub moiety of ubiquitinated PCNA. In 
this model, the Ub chain is elongated in the PCNA-proximal to -distal 
direction. (B) One of potential mechanisms of en bloc Ub chain 
transfer. HLTF transfers Ub from UBC13 to the Ub moiety of 
UBC13~Ub, generating UBC13~Ub 2 . In the next step, the resultant 
Ub 2 on UBC13 is transferred to the Ub moiety of another 
UBC13~Ub, generating UBC13~Ub 3 . Multiple rounds of this 
reaction generate long chain UBC13~Ub n . The Ub chain can be 
transferred to the Ub moiety of RAD6~Ub, generating 
RAD6~Ub n+ i. RAD 18 then transfers the chain from RAD6 to 
PCNA. In these reactions, the resultant Ub chain has been elongated 
in the PCNA-distal to -proximal direction. (C) Regulation of 
post-replication repair (see text for details). 

low in terms of the substrate specificity of the enzyme 
(Figure 5A-C). Thus, coupling reactions catalyzed by 
the two E2-E3 pairs were indispensable for efficient 
polyubiquitination of PCNA (Figure 5A-C). Our results 
suggest that HLTF elongates Ub chains via a seesaw type 
mechanism (27), such that all reactions could be explained 
by identical biochemical reactions with equivalent sub- 
strate specificity. A model is depicted in Figure 8B and 
Supplementary Figure S9 as one of potential mechanisms 
of en bloc Ub chain transfer. Note that the direction of 
chain elongation by the seesaw mechanism should be 
PCNA-distal to -proximal (Figure 8B), which is opposite 
of that predicted by the conventional model (Figure 8A). 
This is supported by the data showing that the direction of 
chain elongation is consistent with a seesaw mechanism of 
addition (Figure 7). 

Our results revealed some interesting properties of 
HLTF. First, HLTF exhibited a unique specificity for 



E2~Ub as a substrate. This could represent a biochemical 
basis for the seesaw mechanism. Second, it functions to 
regulate Ub chain length. UBC13~Ub n molecules with 
long Ub chains (n > 5) were barely detectable, whereas 
molecules with short Ub chains (n<4) were abundant 
(Figure 1G). The opposite was observed for 
RAD6A~Ub n molecules, with greater accumulation of 
long chains versus short chains (Figure 5F). These 
results suggest that the length of the chain attached to 
UBC13 is enzymatically regulated so that long chains 
are preferentially transferred to RAD6. Third, DNA was 
absolutely required for HLTF ligase activity. Since HLTF 
is a SWI/SNF DNA helicase with a RING domain within 
the helicase domain, it is likely that the helicase domain is 
responsible for the interaction with DNA. However, we 
have been unable to demonstrate a functional interaction 
between the ligase and helicase domains, as several mutant 
proteins with alterations in the conserved helicase domain 
also exhibit ligase activity at levels similar to that of the 
wild-type protein (Y. Masuda, unpublished data). 
Previously, it was reported that the Ube2g2 (E2) is 
capable of producing active site-linked ubiquitin chains 
with the gp78 (E3), which has been shown to form an 
oligomer that promotes E2-E2 interactions (32). It is 
likely that HLTF binding to DNA promotes 
multimerization of HLTF to stimulate its ligase activity. 
The precise molecular mechanisms underlying these 
properties of HLTF remain to be elucidated. 

Previously, based on in vitro experiments with yRAD5, 
two groups reported that PCNA polyubiquitination 
occurs via a conventional, sequential addition reaction 
mechanism, as depicted in Figure 8A (16,17). The results 
of these two studies were consistent with some of the 
genetic studies performed in a radl8 mutant; namely, 
that expression of a PCNA K164R -Ub fusion protein sup- 
pressed defects in both the TLS and TS pathways, but 
expression of PCNA K164R -Ub K63R suppressed only the 
defect in the TLS pathway, suggesting PCNA K164R -Ub, 
but not PCNA K164R -Ub K , is polyubiquitinated in vivo 
(33). On the other hand, recent results, also from yeast 
genetic studies (34,35), demonstrated that expression of 



PCNA 



K164R 



Ub only partially suppresses the radl8 and 



rhpl8 mutant phenotype in budding and fission yeast, re- 
spectively. In this recent set of studies, PCNA^ 164R -Ub 
was unable to activate the TS pathway, and this was 
attributed to the failure to polyubiquitinate the fusion 
protein. Indeed, PCNA K164R -Ub was not 
polyubiquitinated in either type of yeast (34,35). While 
these discrepancies in yeast genetic data from different 
laboratories remain to be resolved, our in vitro results 
are consistent with the more recent genetic data, in that 
neither PCNA K164R -Ub nor monoUb-PCNA was a 
primary target for polyubiquitination (Figure 5A-C). To 
directly probe the yRAD5 reaction mechanism, 
histidine- tagged yRAD5 ( Hls yRAD5) was overexpressed 
in E. coli and partially purified, and then used in our 
assay system instead of HLTF (Supplementary Figure 
S6). We expected yRAD5 to interact with the human 
proteins since HLTF is able to complement the UV sen- 
sitivity of a rad5A strain (13). Indeed, polyubiquitinated 
PCNA was detected in reactions using partially purified 
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yRAD5 (Supplementary Figure S6A). Analysis of the 
time course of the reaction showed that all of the reaction 
products, including intermediates, accumulated over time 
(Supplementary Figure S6B), similar to what was seen 
with low concentrations of HLTF (Supplementary 
Figure S2D). Furthermore, monoubiquitinated PCNA 
was a poor substrate for yRAD5 (Supplementary Figure 
S6C), similar to that observed for HLTF (Figure 5A). 
These results suggested that PCNA polyubiquitination 
by yRAD5 occurs predominantly by en bloc transfer of 
an Ub chain. In the previously reported in vitro studies 
with yRad5, the experiments were for the most part 
carried out in the absence of RAD6-RAD18, using 
monoUb-PCNA and either PCNA-Ub fusion proteins 
(16) or chemically Ub-modified PCNA (17). Even in the 
presence of RAD6-RAD18, mono- and 
polyubiquitination were relatively inefficient due to the 
low activity of RAD6-RAD18 for monoubiquitination 
(16). Notably, in these studies, the experimental system 
was designed to detect Ub transfer to monoUb-PCNA. 
Under similarly uncoupled reaction conditions (i.e. in 
the absence of RAD6A-RAD18), we were also able to 
detect Ub transfer to monoUb-PCNA (Figure 5A, lane 
2; 5B, lanes 1-5; and 5C, lanes 1-4). The discrepancies 
between the previous in vitro yRad5 studies and the 
present study are mostly likely due to differences in such 
reaction conditions. Importantly, however, although the 
reaction mechanism we defined is completely different 
from the conventional model, it is essentially consistent 
with the genetic data; namely both mono- and 
polyubiquitination are abrogated by inactivation or 
deletion of either yRAD6 or yRAD18, whereas in the 
presence of dysfunctional yMMS2, yUBC13, or yRAD5, 
only polyubiquitination is abrogated (1,2). 

If the reaction mechanism we observed in vitro mimics 
what occurs in vivo, monoubiquitination and poly- 
ubiquitination of PCNA at stalled replication ends 
would necessarily be promoted separately (Figure 8C). It 
should be noted that Ub chain formation by UBC13- 
MMS2 and HLTF required mpssDNA, which differs 
from the requirement of RAD6-RAD18 for 
RFC-mediated loading of PCNA on mpssDNA (6,7,36). 
We hypothesize that PCNA polyubiquitination and acti- 
vation of the TS pathway is promoted under conditions in 
which RAD 18 and HLTF are coordinately recruited to 
stalled replication ends, wherein DNA is needed to hold 
PCNA at the primer terminus (7) and to stimulate HLTF 
activity. Alternatively, if all three subunits of PCNA at a 
stalled end are first monoubiquitinated, polyu- 
biquitination cannot occur and the TLS pathway is 
activated. We have observed that all three subunits of 
PCNA are efficiently monoubiquitinated at stalled 
primer ends in vitro (7). This scenario could explain how 
either the TLS or TS pathway is selectively activated at 
stalled replication sites. The TS pathway would be 
activated only when a daughter strand that was replicated 
from the non-damaged parental strand is available and 
prohibited when such a daughter strand is unavailable. 
This model is consistent with recent observations from 
our laboratory that RAD6-RAD18 forms a ternary 
complex of RAD6A-(RAD18) 2 rather than (RAD6A- 



RAD18) 2 and that stable association between RAD6A 
and RAD 18 is an essential requirement for ligase 
activity (21). These properties of the RAD6-RAD18 
complex appear suited for the tight regulation of 
polyubiquitination of PCNA. If the complex contained 
two RAD6 molecules, one would have to invoke yet 
another mechanism involving processive formation of 
Ub chains on both subunits. Furthermore, if the inter- 
action of RAD6 was dynamic, exchange reactions 
between RAD6~Ub n and RAD6~Ub would occur in 
solution before transfer of the chain to PCNA. The tight 
regulation of polyubiquitination ensures the timely and 
appropriate activation of the TS pathway, thereby 
avoiding irregular recombination. In this manner, eukary- 
otic cells ensure accurate chromosomal duplication and 
avoid genetic aberrations that can lead to carcinogenesis. 

Finally, we should mention that the seesaw mechanism 
of ubiquitin chain transfer is similar to the peptidyl 
transfer reaction of protein synthesis. Conceivably, the 
concept might be applicable to other E2 and E3 enzymes 
and another bio-macromolecule synthesis such as oligo- 
saccharides, and may represent a common strategy for 
the generation of bio-macro-polymers. 

SUPPLEMENTARY DATA 

Supplementary Data are available at NAR Online: 
Supplementary Figures 1-10 and Supplementary Notes. 
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